For CG energies we adopt a production rate of 10 x 1016 molecules NO/J based on the current literature. Using a method to simulate global lightning frequencies from satelliteobserved cloud data, we have calculated the LNOx on various spatial (regional, zonal, meridional, and global) and temporal scales (daily, monthly, seasonal, and interannual). Regionally, the production of LNO• is concentrated over tropical continental regions, predominantly in the summer hemisphere. The annual mean production rate is calculated to be 12.2 Tg N/yr, and we believe it extremely unlikely that this number is less than 5 or more than 20 Tg N/yr. Although most of LNO• is produced in the lowest 5 km by CG lightning, convective mixing in the thunderstorms is likely to deposit large amounts of NO• in the upper troposphere where it is important in ozone production. On an annual basis, 64% of the LNO• is produced in the northern hemisphere, implying that the northern hemisphere should have natural ozone levels as much as 2 times greater than the southern hemisphere, even before anthropogenic influences. The amount of 03 produced from this NOx is expected to exceed the stratospheric source by a factor of 1.5, and thus the hemispheric asymmetry in LNOx would lead to a significant excess of northern hemisphere 03 even in the preindustrial troposphere. (The monthly climatologies for LNO• on a 1 ø x 1 ø latitude-longitude grid can be obtained by e-mail to cprice@flash.tau.ac.il.)
Introduction
Nitrogen oxides or NOx (NO and NO2) play a key role in the photochemical reactions which determine tropospheric and stratospheric ozone concentrations [Kroening and Ney, 1962; Crutzen, 1970; Johnston, 1971 ]. In the troposphere, regions with high NOx concentrations produce 03 both locally [Haagen-Smit, 1958] and globally [Chameides and Walker, 1973; Crutzen, 1979] , while in those with low NOx concentrations, 03 is destroyed [Logan et al., 1981; Crutzen, 1983; Liu et al., 1983] . Because ozone is a greenhouse gas [Ramanathan and Dickinson, 1979; Lacis et al., 1990 ], knowledge of global NOx concentrations is important for global climate studies. Radiative
Methodology
In order to calculate the global budget of LNOx, one needs to answer three questions. [Noxon, 1976 [Noxon, , 1978 Drapcho et al., 1983] . The reasons for the large uncertainty in this quantity are many.
How much NOx is produced per Joule of energy, and is
Theoretical calculations have to make various assumptions regarding parameters of the lightning strokes, such as, temperature, density, peak current, conductivity, radius, and length of the channel. All of these parameters vary as a function of time during the lightning stroke and can vary from one lightning stroke to another, producing a distribution of energies in lightning strikes. Chameides [1979] indicates that the amount of NO• produced by a lightning discharge is not a linear function of the discharge energy. This implies that using a single value for the amount of NOx produced per Joule is probably incorrect. Furthermore, the typical calculations of NO• production in lightning discharges [Zel'dovich and Raizer, 1966] do not consider the effects of water vapor on the production of NO•. Peyrous and Lapeyre [1982] have shown that the NOx production is strongly dependent on relative humidity.
Laboratory experiments have a basic scaling problem. Sparks created in the laboratory have very small peak currents relative to natural lightning discharges. This implies that the energies in these small discharges are much lower than those found in lightning channels. Each experiment that is slightly different produces different results. Even if the NO• produced per unit energy in the lab is correct, can one extrapolate these values to a lightning stroke that has peak temperatures of 30,000 K [Orville, 1968] and pressures of possibly 50 atm [Hill, 1971] ? Furthermore, NOx produced by the corona sheath surrounding the lightning channel has been speculated to produce 50% of the total NOx. This NOx would only be produced when large electric fields are present around the lightning channel. This does not occur in small scale laboratory experiments.
Field measurements have their problems too. In addition to ditficulties with accurately integrating the NOx produced in a flash (and dispersed in the storm), all field measurements calculate the concentration of NOx per flash (not per joule). Since flashes can have a great range of peak currents, number of return strokes, channel lengths, and hence energies, these observations tell us little about the NOx produced per unit energy. To do this, assumptions have to be made regarding the above parameters. Furthermore, since it appears that intracloud (IC) flashes have significantly lower energies than cloudto-ground (CG) discharges [Holmes et al., 1971 ; Kowalczyk and Bauer, 1981] , it is incorrect to divide the total NO• observed over a certain period by the total number of flashes.
How much energy is available per flash? The values
quoted in the literature range from l0 s to 10 •ø J per flash [Chalmers, 1967; Uman, 1987] . The reason for this range is that the energies in lightning flashes are related to the peak currents in lightning discharges, which vary by 2 orders of magnitude [Uman, 1987] . Therefore a single observed or calculated value may not be representative of the mean value. The majority of previous studies have used a single value for their global calculations, and this value differs from paper to paper. There are other studies that calculate the energy in units of joules per meter, derived from electric field measurements. Even if these electric field measurements are correct, to get the total energy in a lightning flash, one has to make assumptions regarding the length of the lightning channel. Although the CG length can range from 5 to 7 km [Krehbiel, 1986] , the IC length is 1-6 km [Ogawa and Brook, 1964; Krehbiel, 1986] . Furthermore, no one has considered tortuosity in their calculations. A lightning channel is not a straight line. It is possible that the length of a channel could be increased by at least a factor of 2 if it was stretched out like a piece of string (V. Idone, personal communication, 1993 In addition to the above simplification, lightning energies may vary greatly around the globe, possibly being greater toward the tropics. Orville [1990] has shown that even within the United States there appears to be a latitudinal gradient in the lightning peak currents. He showed that Florida thunderstorms had peak currents nearly double those found in New England. However, Petersen and Rutledge [1992] have shown that the mean peak currents in CG flashes in the tropics were very similar to the values found in Florida. Finally, the ratio of IC/CG has been shown to vary as a function of latitude [Pierce, 1970; Price and Rind, 1993; Mackerras and Darveniza, 1994] , which also needs to be considered when making global estimations of LNOx.
The above three major areas of uncertainty result in the large range of global estimates often quoted for the production of NOx by lightning. Extensive work has already been carried out regarding uncertainty 1, and we feel we cannot reduce this uncertainty. Thus we have focused our efforts on the remaining uncertainties 2 and 3.
Physics of Lightning
To understand the energies involved in lightning discharges, one has to consider the various lightning parameters that are present in a typical thunderstorm.
Breakdown Potential
It is still debatable as to what mechanism results in the electrifica.tion of clouds [e.g., Saunders, 1994] . Whatever the mechanism, it is observed that a "typical" thunderstorm is a positive dipole, with a net negative charge in the lower parts of the cloud and a net positive charge in the upper parts of the cloud [Wilson, 1920; Simpson and Scrase, 1937; Williams, 1985] . The charge centers in thunderstorms occur at temperatures below 0øC and above -40øC. This points to the importance of ice and supercooled droplets in the electrification process. In fact, the volume of the mixed-phase region is thought to be related to the intensity of lightning activity in thunderstorms [Price and Rind, 1993 A typical discharge begins within the cloud with a process called preliminary breakdown. This lasts for tens of milliseconds and initiates an intermittent, highly branched discharge, called a stepped leader. As the downward propagating leader comes close to the ground, an upward propagating discharge, or streamer, is initiated from the ground. When the two discharges meet, a large current pulse, known as the return stroke, starts at the ground and propagates back up the previously ionized leader channel to the cloud. If additional cloud charge is available at the end of the first return stroke, a dart leader propagates, without stepping, down the previous return stroke channel and initiates a subsequent stroke. The strokes are often sufficiently separated in time to produce a flickering effect to the observer. A lightning flash is made up of a number of strokes. NOir is produced primarily during the high-energy return stroke phase of the flash and not during the leader phase (see section 4).
Peak current statistics of CG flashes have been analyzed using data from the U.S. National Lightning Detection Network (NLDN) [Orville, 1991a] deposited by a lightning flash therefore occurs during the continuing current phase of the flash. However, the continuing current period does not appear to be of importance for NO x production (see section 4), and the NOx production in this study will be approximated using return strokes without continuing current.
Intracloud Lightning
The Using the second formulation for energy (E2) , one only has to assume a value for the breakdown potential (V) which does not vary over the lifetime of a lightning flash and is better known than tr(t), r(t), and L. The breakdown potential can vary from storm to storm but is fairly constant during a particular storm. As clouds become increasingly electrified during a storm's development, breakdown simply occurs more often, resulting in larger lightning frequencies. However, the value of the breakdown potential remains fairly bonstant throughout the storm. For the above reasons we have decided to use E 2 for the calculation of the energies in lightning flashes.
From Figure 2b we adopt a mean value of 3 for the multiplicity of negative flashes. Therefore using (4) and (5) energies ranged from 1 to 17 x 106 J, which is only 0.1% of the observed total energies. Therefore it is difficult to arrive at a ratio between the total energies of IC and CG flashes from these measurements. As described above, we believe the majority of NOx is produced during the K-change process of the intracloud flash. Therefore we simply adopt a value of Ei½ = 0.1 EcG for the available energy in the rapidly expanding hot channel, however, the ratio could well be smaller.
Production of NO w in the Lightning Channel
The high temperatures and high pressures initiated by a lightning stroke produce a shock front that cools as it expands outward. Nitric oxide (NO), produced by the Zel'dovich mechanism, is expected to have volume mixing ratios of 1-4% when the air cools to 2000 K-3000 K [Zel'dovich and Raizer, 1966]. This mechanism considers the breakup of N 2 and 02 molecules in the hot lightning channel and the subsequent formation of NO. The final yield of NO is determined by the rate of cooling, the density of air behind the shock front, the radius of the channel, and the ambient pressure [Chameides, 1979; Goldenbaum and Dickerson, 1993] .
NO is produced as the shock front propagates outward through a volume of air. The peak current in the discharge determines the energy deposited in the channel and hence the volume of air processed by the shock front, or the maximum radius of the channel. As the channel cools from outside inward, the amount of NO produced at each point is governed by the rate of cooling. The rate of cooling together with the volume of air processed determines the final NO production per flash. Stepped and dart leaders may also contribute to the NOx producti. on; however, the radius of leaders is at maximum a few millimeters, at least an order of magnitude less than the final radius of the return stroke [Borovsky, 1996] , implying 2 orders of magnitude less in the volume of air processed by the leaders. The leaders are therefore assumed to produce much less NOx as a result of the Zel'dovich mechanism. In addition, during the continuing current stage of the discharge, temperatures can rise above the threshold for NOx formation; however, the continuing current phase always follows the initial return stroke that heats the channel to 30,000 K. Since all N 2 and 02 in the channel are already dissociated before the onset of the continuing current, any additional input of energy from the continuing current does not result in any further dissociation of N 2 and 02. Furthermore, while the channel is expanding outward, the temperature behind the shock front does not drop substantially [Hill, 1970; Tuck, 1976; Hill et al., 1980] . Therefore the continuing current period also does not appear to be of importance for NOx production. Corona discharges around the lightning channel and within the thunderstorm cloud may add to the production of NOx; however, it is believed that the production of NOx by corona discharge is a few orders of magnitude less than the production of NOx by the hot channel [Bhetanabhotla et al., 1985; Sisterton and Liaw, 1990] .
Direct observations of the amount of NO x produced by lightning is difficult. Enhanced concentrations of nitrogen oxides have been observed within thunderstorms. Noxon [1976] observed NO 2 produced by a thunderstorm and derived a production rate of 2 x 1026 molecules of NO 2 per flash. The yield of NOx molecules in a lightning stroke could, in principle, be determined from observations. Unfortunately, the number and energies of lightning strokes in a storm are not easy to measure, and it is even more difficult to integrate over the air entering and leaving a thunderstorm in order to quantify the addition of NO molecules or their subsequent chemical products such as NO 2. Observations that exist may be useful in bounding the problem, but careful propagation of all of the uncertainties places only loose constraints on P, the yield of NO molecules per joule. In addition to uncertainties in the primary production rate, if we are measuring only NO 2 we must also know what fraction of the NO produced has reacted with 03.
Laboratory measurements and theoretical models remain the best approach to estimating NOx production in lightning and related discharges. The key variable appears to be the energy density and the radius of the core channel. Observations of low-energy sparks in chambers [Chameides et al., 1977 ; Levine et al., 1981; Peyrous and Lapeyre, 1982] show that fewer NO molecules per joule of energy are produced in lowerenergy discharges, and this is consistent with simple theoretical models [Chameides, 1979; Goldenbaum and Dickerson, 1993] . At the upper limit of energy density is the fireball in a nuclear weapon's test, which is also predicted to have low yields of NO per joule, while the energy densities occurring in lightning discharges span the peak yield of NO [Chameides, 1979] .
Although Borucki and Chameides [1984] Recently, upper atmospheric discharges have been discovered above thunderstorms at altitudes of 50-100 km [Sentman and Wescott, 1993; Lyons, 1994] . According to the Zel'dovich mechanism for NO production these discharges (known as "sprites") would produce little NO due to their low-energy densities and due to the low ambient pressure [Goldenbaum and Dickerson, 1993] . Furthermore, on a global scale these sprites are much less frequent than regular lightning and therefore are not expected to contribute to the global production of LN%.
We feel that the uncertainty in the mean production of NO, which includes also the uncertainties in averaging over the range of lightning-stroke energy densities and altitudes, is probably the largest uncertainty in NO production from lightning. We select a best value for P of 10 x 10 •6 molecules NO/J, with a bounding range of 5-15 x 10 •6 molecules NO/J.
Global Lightning and NOx Distributions
The lightning parameterizations used to approximate global lightning activity have been developed and described by Price and Rind [1992a , 1992b , 1993 . These are based on observations that show that thunderstorm electrification is closely linked to the updraft intensity in thunderstorms, which in turn is linked to the vertical development of convective clouds. Figure 6 ). There appears to be a clear annual cycle in NOx production with maximum values during the northern hemisphere summer. The production rate varies from 9 to 19 Tg N/yr, indicating a reasonable amount of variability on the annual timescale. However, the interannual variability presented in Table 1 shows much less variability. The mean annual production over 8 years is 12.2 Tg N/yr and ranges from 11.3 to 13.1 Tg N/yr.
Discussion
Although our calculation of global LNO x production appears to agree with a large range of previous studies, we feel this is purely fortuitous. Previous studies have made two incorrect assumptions that appear to negate each other. First, the energy per flash in previous studies has been underesti- The relationship used to derive the fraction of CG lightning in a thunderstorm may need refining in the future as more lightning data become available. All the relationships used in the global simulations of lightning presented in this paper were derived using lightning data mainly from the United States. These relationships may be different in other regions of the globe. In particular, because of the difference in energies between CG and IC flashes, knowing the fraction of global lightning that is intracloud is very important for the NOx production. It is uncertain how much energy exists in an IC flash when compared with a CG flash. We have assumed a ratio of 1/10; however, this ratio may change as our understanding of intracloud lightning improves.
We believe that the largest uncertainty in this study is the value for the amount of NO produced per joule of energy. Is the production of NOx linearly related to the energy? Would inclusion of water vapor in the theoretical and laboratory measurements result in significant enhancements of NO production? Is corona discharge a significant source of NO in thunderstorms? We used a value of 10 x 1016 molecules NO/J in all [Stordal et al., 1995] or data analysis [Murphy and Fahey, 1994] . This northern hemisphere source of 03 would be a third larger than the average (twice that in the southern hemisphere) and clearly dominate the stratospheric source. In the preindustrial atmosphere, lightning is expected to be the dominant source of NOx and hence in situ 03 production. We would thus predict that tropospheric ozone would have on the average a ratio of 3:2 between hemispheres, even in the absence of human activities over the past century.
An annual climatology of global lightning and LNO x production has bden generated using the above methodology and is now freely available to interested parties through the Global Emissions Inventory Activity (GEIA) database or from the authors. The above global results compare favorably with part 2 of this study [Price et al., this issue] where an alternative method is presented to obtain global LNOx production rates using the global atmospheric electric circuit. A modeling study looking at the impact of these results on NOx abundances and 03 production will be presented in part 3 of this study.
